The existence of interfacial carbides is a well-known phenomenon in Al/diamond composites, although quantitative analyses are not described so far. The control of the formation of interfacial carbides while processing Al(Si)/diamond composites is of vital interest as a degradation of thermophysical properties appears upon excessive formation. Analytical quantification was performed by GC-MS measurements of gaseous species released upon dissolving the matrix and interfacial reaction products in aqueous NaOH solutions and the CH 4 /N 2 ratio of the evolving reaction gases can be used for quantification. Although the formation of interfacial carbides is significantly suppressed by adding Si to Al, also a decline in composite thermal conductivity is observed in particular with increasing contact time between the liquid metal and the diamond particles during gas pressure infiltration. Furthermore, surface termination of diamond particles positively affects composite thermal conductivity as oxygenated diamond surfaces will result in an increase in composite thermal conductivity compared to hydrogenated ones. In order to understand the mechanisms responsible for all impacts on the thermal conductivity and thermal conductance behaviour, the metal/diamond interface was electrochemical etched and characterized by SEM. Selected specimens were also cut by an ultrashort pulsed laser system to characterize interfacial layers at the virgin cross section in the reactive system Al/diamond.
Introduction
Monolithic materials cover a wide range of combinations of coefficient of thermal expansion (CTE) and thermal conductivity (TC); however, the required combination of highest thermal conductivity and lowest CTE is virtually not occupied. The most promising class of materials to reach thermal conductivity beyond that of copper or silver are metal matrix composites (MMCs) containing diamonds. Although these materials have received some interest since the early 1990s, most are still at scientific level, only very few companies commercialized such products.
Unfortunately, the diamond/metal contacts have a finite interface thermal conductance (ITC, or TBC, thermal boundary conductance). Even if perfect mechanical bonding is achieved at the interface, intrinsic interface thermal resistance (ITR) arises due to the scattering of phonons and electrons when travelling between materials with different elasticity and dielectric constants. The presence of limited heat flow across interfaces resulted in a high quantity of scientific investigations to improve bonding between matrix and inclusion phases and therefore heat transfer across the interface that may give access to an overall improved thermal conductivity of the composites.
Most of the work to improve ITC concerns the introduction of carbide-forming elements to form stronger chemical and physical bonds at the interface [1] [2] [3] [4] [5] [6] , which is especially of importance for matrix systems like copper and silver, which are both known not to wet and bond to carbon allotropes. In case of aluminium as matrix metal, the formation of carbides like Al 4 C 3 is well documented [7] . However, excessive formation of Al 4 C 3 is undesirable, as it has low thermal conductivity and readily corrodes in moist air to form aluminas, such as Al(OH) 3 . It is furthermore commonly accepted that Al 4 C 3 formation can be controlled by alloying Al with Si because of competitive formation of SiC and by the limitation of solubility of carbon in liquid aluminium which results in reduced capability to form Al 4 C 3 at given temperatures, respectively [6] . It is furthermore notable that a minimum concentration of Al 4 C 3 at the interface is essential to enhance thermal transport, as at very low concentration or even total absence of carbides, i.e. caused by rapid consolidation like squeeze casting, a decrease in composite thermal conductivity is observed [6, 8] .
In order to monitor the formation of Al 4 C 3 during infiltration, a method first employed by Simancik et al. [9] for the quantification of Al 4 C 3 by massspectrometric coupled gas chromatography technique (GC-MS) can be applied. This routine is based on the simple context, that Al 4 C 3 releases CH 4 upon dissolving in aqueous media (Eq. 1). By measuring the CH 4 amount in relation to the amount of N 2 , used as an internal standard, the Al 4 C 3 content can be determined through prior calibration. 
One less exploited aspect concerns the role of surface termination of diamond surfaces by oxygenation or hydrogenation on the Kapitza resistance and subsequently on the thermophysical properties of diamond MMCs [10] [11] [12] [13] [14] . From a scientific perspective, it is essential to understand how this interface has to be designed in order to minimize the Kapitza resistance and to improve ITC. So far, the role of surface termination of diamond surfaces on ITC was mainly shown on ''clean-model'' systems, i.e. welldefined plain and large synthetic diamond monocrystal surfaces with sputtered layers of Al and other metals creating a carbide-forming interlayer. The ITC is then calculated by means of TDTR time-domain thermoreflectance experimental setup [10, 11, 15] . In [14] the positive influence of oxygenation on ITC was for the first time shown to be true in the low (4 K) to ambient temperature range for a Ag3Si/diamond system, fabricated under typical ''messier'' lab-scale conditions of gas pressure infiltration using synthetic diamond particles. Note, that different terminations of diamond surfaces can be created by acid and plasma treatments, respectively, and can result in the formation of different proportions of COOH, C-O, C=O, C sp 2 and C sp 3 bonding types depending on the applied chemicals and processes [10, 16, 17] . In the present work the influence of the contact time (i.e. the time between the liquid and the diamonds during the gas pressure infiltration process) on the thermal conductivity, the amount of Al 4 C 3 formed and the interfacial structure of the resulting MMCs are studied. Furthermore, the influence of the addition of Si as an alloying element on the aforementioned characteristics will be observed. As mentioned above, the aspect of surface termination of diamond surfaces by oxygenation or hydrogenation is of interest for understanding thermal transport at the interface, thus, it is of interest to study its impact on Al 4 C 3 formation in dependence of process parameters like contact time and amount of Si in Al.
Experimental procedure
Diamond/metal composites were produced by liquid metal infiltration of Al, Al0.5Si, Al1Si and Al3Si matrix materials into a tapped and vibrated powder bed of synthetic diamond grit of mesh sizes 70/80. The synthetic diamonds were of the SDB1125 type from E6 and purchased by ServSix GmbH, Karlstein, Germany. The Al-Si matrix alloys were inductively melted and cast using 3N8 Al and 4N Si base elements. The different Si concentrations in Al were properly selected due to the fact, that Al0.5Si represent an alloy of very low solubility of Si in the a-Al, thus Si may be dissolved in the lattice or will form fine precipitates while cooling to ambient. Whereas in the Al1Si and Al3Si system, Si is formed-in different weight fractions-by the eutectic reaction during solidification.
Furthermore, the diamond particles were surface treated to create H-and O-termination, respectively. To create H-termination on the diamond surfaces, the as-received diamond powders were placed in a furnace at 1123 K in H 2 gas atmosphere for 60 min. O-termination was realized by immersing diamonds in hot sulphuric acid for a period of 5 min, subsequently rinsed with de-ionized water and 2-propanol and finally dried at 383 K. Those treatments were accompanied by XPS measurements to confirm correct functionalization of diamond surfaces (results are given in [17] ). Composites using such treated diamond particles are subsequently denoted as ''Hterminated'' and ''O-terminated'', respectively.
The thermal conductivity samples were infiltrated net-shape. A solid piece of metal and metal alloy, respectively, was placed on top of the graphite preform filled up with diamond particles. Prior to melting, vacuum was applied in order to facilitate infiltration. After the infiltration temperature of roughly 1173 K had been reached, Argon gas pressure of 3 MPa was applied to force the liquid metal into the diamond powder bed. The heating was switched off after 1, 5 and 10 min (which is called the ''contact time'' t c between the liquid and the diamonds) and the infiltrated bodies were furnace cooled under pressurized condition within less than 20 min to room temperature. After cool down, composite pieces were dismantled from the die. This fast cooling process guarantees a rather precise determination of the contact time, however, it may also cause the system to be not in thermal equilibrium, for which reason composites were subsequently annealed at 573 K for 1 h in Argon atmosphere. The diamond volume fraction was determined by densitometry to be 64 ± 1 vol.-pct for all MMCs. This is in good agreement with the relative densities of up to 99.5 pct., indicating that the composite samples were fully infiltrated and contained little, if any, porosity.
Thermal conductivity measurements were performed in a steady-state heat flow equipment close to ambient temperature. The thermal conductivity was determined by the temperature gradients in the serial arrangement of the sample and a reference. The gradient is established by a heating and a cooling circuit anchored between one side of the serial arrangement of the sample and the other side of the reference. Sample size is a rod of 8 mm diameter and an overall length of about 33 mm. The temperature evolution along the sample length L is controlled by means of Pt100 sensors. Experimental errors originating from the determination of the geometrical cross sections and active length of the given sample geometry may cause systematic errors. As a consequence, the composite thermal conductivity j c can become uncertain. Based on simultaneous measurements of the thermal and the electrical conductivity of the matrix alloy alone, and taking into account composite theory we conclude that the uncertainty on the thermal conductivities measured by the present method is \ 3 pct.
As aluminium carbide Al 4 C 3 is formed by reaction between diamonds and aluminium [18, 19] it is of interest to quantify its amount in dependence of parameters like contact time, nominal composition and surface termination of diamonds. Quantitative analysis of the Al 4 C 3 amount was performed by gas chromatography. 500 mg of composite material was filled into a 50-mL headspace vial, sealed gas-tight and 15 mL of a 15 wt.-pct. aqueous NaOH solution was added to dissolve Al matrix and Al 4 C 3 reaction product at ambient temperature and to create gaseous CH 4 . The gas injection into a Shimadzu GCMS-QP2010 Plus, equipped with a ShinCarbon ST 2 m column of 0.25 mm diameter and 50 m length, was done manually via a 100-lL gas-tight syringe. The column temperature was held at 313 K for 3 min before it was heated to 453 K at 30 K min -1 and where it was kept constant for another 2 min. The spectra obtained were analysed using the program GCMS solutions by integrating the significant peaks at the interesting m/z ratios. The obtained areas are then used for the quantification of the measured gaseous species. N 2 is used as internal standard, thus the CH 4 /N 2 ratio is proportional to the amounts of Al 4 C 3 . Synthetic Al 4 C 3 (obtained by Alfa Aesar 99 ? pct. pure) and pure Al was used for the calibration of the GC-MS system, the corresponding calibration line for the CH 4 /N 2 signal ratios showed a R 2 of 0.995. Residual diamond particles after dissolving the Al(Si) matrix in NaOH were several times rinsed with de-ionized water and ethanol, dried and characterized by SEM. The microstructure of the composites was prepared by electrochemical etching according to [19] . To illustrate the formation of aluminium carbide at the interface between the matrix and the diamonds as function of different parameters, microstructures and interfaces of the composites were additionally prepared by a ultrashort pulsed Ti/sapphire laser oscillator-amplifier system. It consists of a continuous wave pump laser and a one-level multipass Ti/ sapphire amplifier with a kHz pulsed Nd/YLF solidstate pump laser. The used pulse duration of 30 fs at a pulse energy of 0.8 mJ and a repetition rate of 1 kHz ensures a cutting process of minimal thermal interaction. Furthermore, protective He purge gas of 20 L min -1 was used to suppress formation of aluminium oxides. The samples were mounted onto the rotational axis of a rotary disc and the laser was focused onto the sample. A traversing device with a steady drive was used to cut the samples. Before inspecting the interfaces by SEM the cut specimen surfaces were ion polished by FEI Quanta 200 3D Dual beam system operated with 30 kV Ga ? ions to remove laser-induced periodic surface structures (LIPSS) artefacts from the laser cutting process.
Applying the Differential Effective Medium (DEM) scheme [20, 21] it is possible to determine the thermal conductance h of the aluminium-diamond interface upon fitting the experimental thermal conductivity of each sample. When treating SDB1125 diamond particles as spheres in a first approach, the Differential Effective Medium approach can be used to calculate the composite thermal conductivity j c by,
where j i eff the effective, size-dependent thermal conductivity of the inclusion particles (diamonds) in the composite, j m that of its matrix and V i is the particle volume fraction. In Eq. (2), n is the shape factor and assumes to n = 3 for spherical particles.
The thermal conductivity of two-phase materials can be predicted by needs to take into account the finite value of the interface thermal conductance between two solid phases, i.e. the inclusion and the encircling matrix in a composite. Analytically, this is typically solved by replacing the inclusion of an intrinsic thermal conductivity j i with a non-ideal interface by an ''effective'' inclusion having an effective conductivity j i eff given by
from which h, the interface thermal conductance, can be derived by a given inclusion radius a [5] .
In applying Eqs. (2) and (3), we used the following values of the involved variables: a = 190 lm, V i = 0.64, j m in Table 1 and j i = 1740 W m -1 K -1 . This given value for j i was calculated according to the expression proposed by Yamamoto et al. [22] and by using a concentration of 213 ± 13 ppm of nitrogen, measured by combustion analysis for the SDB1125 diamond particles.
Results and discussion

Thermal conductivity and interface thermal conductance
The matrix thermal conductivity j m is important to know for the calculation of the interface thermal conductance according to the DEM-model. 
shows that the addition of Si to Al reduces the matrix thermal conductivity j m just slightly from 235
for pure aluminium to 217 Figure 1 displays the influence of the Si concentration in Al from pure Al up to 3 wt.-pct. Si on composite thermal conductivity and 1, 5 and 10 min contact time t c between liquid and as-received diamonds during infiltration operation. The data presented are the mean average of three measurements and the error bars correspond to the standard deviation of those measurements. To guide the eyes dotted lines connect the data. Figure 1a shows an almost linear decrease in thermal conductivity with increasing contact times for all MMCs, except for those with an Al1Si matrix. The MMC based on the Al1Si metal matrix exhibit virtually no influence of the contact time investigated. An increase in the contact time from 1 to 10 min results in a drop of the thermal conductivity of about 60 W m -1 K -1 for MMCs based on pure Al and Al0.5Si, respectively. Upon an increase in Si in Al to 1 wt.-pct. this decrease diminishes. However, by further addition of Si to the metal matrix to a total amount of 3 wt.-pct. the thermal conductivity drop off due to an increase in the contact time is about 35 W m -1 K -1 . Figure 1b shows just another depiction of the data presented in Fig. 1a , but facilitates the recognition of impacts of Si in Al on composite thermal conductivities. There is a general trend for all contact times, that thermal conductivity decreases with increasing Si in Al, although at low Si (between 0 and 1 wt.-pct.) also an increase in thermal conductivity can be observed for 10 min of contact time, followed by a decrease between 1 and 3 wt.-pct. Si in Al. For contact times of 1 min the addition of Si leads to a reduction in thermal conductivity, when Si in Al is above 0.5 wt.-pct. Upon increasing the contact time to 5 min the differences in the thermal conductivities of the MMCs based on Al, Al0.5Si and Al1Si seem to diminish, while there is still a pronounced drop for Al3Si. A further increase in contact time to 10 min appears to provoke first an increase form pure Al to Al1Si, followed by a severe drop in thermal conductivity for Al3Si, thus rendering the MMC based on an Al1Si matrix the highest thermal conductivity of this series. Again, the Al3Si-based MMC features the lowest measured thermal conductivity.
It is clear, that any additions of Si to Al may lower the intrinsic thermal conductivity of the pure matrix and therefore the thermal conductivity of the respective MMC. The results presented above may be explained, at least partially, by this effect. In particular, this might be true when Si in Al is as low as 0.5 wt.-pct., if we assume that most of the Si keep dissolved in the a-Al lattice down to ambient temperature. At 1 wt.-pct. Si in Al and during fast cooling, a-Al solid solution can be supersaturated and then Si can easily precipitate, as the system tends to achieve thermodynamic equilibrium. In a first approach, the thermal conductivity behaviour of Al1Si/diamond may be ascribable to the contribution of thermally high conductive precipitated Si particles in the Al-Si matrix. This should be true as well for Al0.5Si alloys, but supersaturation is much lower and Si may not precipitate due to kinetic inhibition, thus the impact on thermal composite conductivity is lower or even negligible. This, however, may not fully explain the relatively independent thermal conductivity behaviour of Al1Si/diamond MMCs with respect to contact time or the increase in conductivity for Al0.5Si/diamond and Al1Si/diamond with respect to pure Al/diamond and Al3Si/diamond at contact time of 10 min. The formation or suppression of Al 4 C 3 with contact time and Si in Al may be decisive as well (see below). For two-phase matrix compositions above the maximum solubility of Si in a-Al of 1.65 wt.-pct. [23] , (almost) pure Si is formed during solidification by eutectic reaction. As the Al3Si alloy contains roughly three vol.-pct. Si particles, the thermal conductivity will be reduced by some 7.5 pct. (see Table 1 ). Again, this may not fully explain the thermal conductivity behaviour of Al3Si/diamond composites. Figure 2a , b plots the calculated interfacial thermal conductance in applying Eqs. (2) and (3) and the data in Table 1 as a function of contact time and Si in Al, respectively. Not surprisingly, those graphs indicate a comparable trend to the thermal conductivity graphs in Fig. 1 . That is a general trend of decreasing ITC with increasing contact time, except for Al1Si/diamond MMCs, the lowest ITC for Al3Si/diamond MMCs in all investigated contact times, and the highest ITC values for pure Al/diamond and Al0.5Si/diamond at 1 min contact time (Fig. 2a) . Furthermore, upon increasing Si in Al at 1 min contact time the ITC significantly decreases at Si concentrations higher than 0.5 wt.-pct., although it then appears to be constant up to 3 wt.-pct. At a contact time of 5 min this decrease in ITC is shift to [ 1 wt.-pct. Si in Al. At 10 min the ITC is lowest for pure Al/diamond and Al0.5Si/diamond and highest for Al1Si/diamond, followed by a significant decrease in ITC upon approaching 3 wt.-pct. Si in Al (Fig. 2b) . Again, Al1Si appears to be the most convenient matrix composition when aiming for a maximum ITC that should be independent of processing conditions.
Formation of interfacial carbides
To shed some light on the thermal conductivity results, the formation of Al 4 C 3 in dependence of Si in Al and contact time has to be discussed in detail. In a general notion, any increase in contact time between the molten metal and the diamond particles may result in increased formation of interfacial Al 4 C 3 , as qualitatively shown in a previous study by Monje et al. [18] . Nearby, the formation of Al 4 C 3 is preceded by the dissolution of carbon from diamond surface and the diffusion of carbon through the liquid Al [6] , furthermore, reactivity appears to be distinct for the different diamond faces [7] . Furthermore, it is known from previous studies that the addition of Si to Al may effectively suppress the formation of Al 4 C 3 by the preferential formation of SiC [Eq. (4)]. However, it is also possible, that by subsequent reaction, some (''pure'') Si and Al 4 SiC 4 phases, respectively, can be generated according to Eqs. (5) and (6):
The kinetic evolution of interfacial Al 4 C 3 formation during processing of Al/diamond MMCs can be discussed by means of a quantitative evaluation of the GC-MS results. Figure 3a indicates an increase in Al 4 C 3 concentration with contact time for all MMCs, with the highest slope for pure Al/diamond and the highest concentration of Al 4 C 3 of 4.14 wt.-pct. at a contact time of 10 min. For Al0.5Si, Al1Si and Al3Si-MMCs, the increase in Al 4 C 3 with increasing contact time is significantly smaller than in pure Al/diamond. Differences in Al 4 C 3 between Al0.5Si/diamond and Al1Si/diamond appear to be almost negligible, interestingly Al 4 C 3 concentrations in Al3Si/diamond are higher than the before mentioned two MMCs with matrix alloys Al0.5Si and Al1Si.
At a contact time of 1 min the Al 4 C 3 concentration appears to be almost independent of Si concentration in Al (Fig. 3b) . At contact times of 5 and 10 min, the concentration of interfacial Al 4 C 3 can be significantly reduced by the addition of as small concentration as 0.5 wt.-pct. Si in Al. Upon further increasing the Si in Al concentration, this effect almost diminishes or appears to result in an even slight increase in Al 4 C 3 . We conclude first that the formation of Al 4 C 3 is effectively suppressed by the addition of small amount of Si to Al and, second, sort of ''equilibrium'' amount of Al 4 C 3 is presently uncoupled from Si concentrations, solely depending on contact times. The largest decrease in Al 4 C 3 from 4.14 to 2.78 wt.-pct., i.e. one-third of the initial concentration, can be observed at 10 min contact time by the addition of 0.5 wt.-pct. Si to Al. At a contact time of 5 min, this decrease is in the same order of magnitude, i.e. about 28 pct of the initial interfacial carbide concentration. For contact time of 1 min the formation of interfacial carbides appears to be almost independent of Si in Al, with a tendency to a negligible increase from 1.76 to 1.84 wt.-pct. between pure Al and Al3Si (Fig. 3b) .
As discussed above, the increase in Al 4 C 3 with increasing contact times is almost the same for all MMCs with Al-Si matrices, suggesting a similar growth mechanism whenever Si is present in the diamond MMCs. Hence, the results of the GC-MS measurements helped towards an explanation for the steady decrease in thermal conductivity with increasing contact time, as excessive formation of interfacial carbide is supposed to strongly limit the thermal transport across the diamond-metal interface [18, 24] . However, the fact that Al3Si-based MMCs possess lower thermal conductivities than pure Al MMCs for all contact times, although featuring significantly lower amounts of Al 4 C 3 , and the independence in thermal conductivity of Al1Si-based MMCs on all contact times need further contemplation, for which reasons the microstructures of the corresponding MMCs were observed (see ''Materials microstructure'' section).
Surface termination
Before considering microstructural investigations, the impact of diamond surface termination on thermal conductivity behaviour and interfacial carbide formation has to be discussed as well. Figure 4 displays the composite conductivity j c as a function of Si in Al concentration and diamond surface termination for different contact times. An impact of O-termination on composite thermal conductivity, i.e. an increase compared to the H-terminated and the as-received diamonds, is visible for almost all investigated contact times and different matrix compositions. In general, the H-terminated diamond surfaces exhibit the lowest j c of all investigated MMCs, with the most distinct decline of approx. 20 pct. for a contact time of 10 min and 3 wt.-pct. of Si in Al (Fig. 4c) compared to the j c of the materials using the as-received and those using the O-terminated diamonds. Interestingly, the interfacial carbide concentration in Fig. 5 appears to be (at least partially) decoupled from the thermal conductivity behaviour in Fig. 4 . At a contact time of 1 min the Al 4 C 3 concentration for pure Al/diamond, Al0.5Si/diamond and Al1Si/diamond is very low and apparently independent of surface termination, whereas the thermal conductivity differs with respect to the surface termination. For Al3Si/diamond, the interfacial carbide concentration is different for the dissimilar surface terminations, interestingly lowest for the H-terminated diamonds and highest for O-termination (Fig. 5a) . We conclude that at contact times of 1 min surface termination has a minor influence on the formation of Al 4 C 3 , but j c is affected by the diamond surface termination for matrix compositions of B 1 wt.-pct. Si in Al.
At a contact time of 5 min, Fig. 5b , Al 4 C 3 concentration is highest for pure Al/diamond and decreases upon adding 0.5 wt.-pct. Si to Al, independently of surface termination. Any further increase in Si has no further effect on the formation of interfacial carbides, whether diamonds are surface terminated or not. This is again in contradiction to the composite thermal conductivity behaviour, Fig. 4b , as O-termination results in an increase in j c compared to the as-received and the H-terminated diamonds. For t c of 10 min (Fig. 5c ) the same behaviour can be identified upon adding Si to Al, as the interfacial carbide concentration is highest for pure Al/diamond and significantly decreases upon adding 0.5 wt.-pct. of Si to Al. Interestingly, at t c = 10 min the H-terminated diamond MMCs feature the lowest concentration of formed Al 4 C 3 for all matrix compositions in this series. Composites using as-received diamond and O-terminated ones show a significant higher concentration in interfacial carbides, independently of the nominal matrix composition. However, the very high Al 4 C 3 concentration close to 4 wt.-pct. for all pure Al/diamond at t c = 10 min results in the lowest composite thermal conductivities in this series. It is furthermore interesting to identify, that the low Al 4 C 3 concentration in H-terminated Al3Si/diamond MMC at t c = 10 min does not result in a higher j c compared to the two other MMCs in this series, as both exhibit a higher interfacial carbide concentration and a higher j c . Figure 6 shows a consistency check for the relationship between composite thermal conductivity and interfacial carbide concentration in dependence of processing conditions contact time and surface termination. As expected, there is a general trend towards lower composite conductivities for higher carbide concentrations. It is also clear, that contact time and surface termination play its role, as for the same carbide concentration the conductivity can be different.
In a first approach one may expect that the amount-and thus the size-of the interfacial carbide layer will decrease the overall composite thermal conductivity j c , as the intrinsic thermal property of Al 4 C 3 is poor and can be considered as an additional thermal barrier for thermal transport and coupling between electrons and phonons across dissimilar materials at interfaces. Considering above results we conclude, that termination of diamonds surfaces additionally either affects the microstructure (see ''Materials microstructure'' section) or has a major impact on bonding strength between diamonds and the matrix, thus influencing the thermal transport irrespective from interfacial carbide growth. This conclusion might also hold as in the findings of Monachon [25] the authors argue for the presence of monolayer of oxygen in Al/O that changes the way heat passes through the interface between sputtered Al layer and large diamond mono-crystals by creating Al/O interfacial states. In previous findings of the same authors [10] the interface thermal conductance in a ''clean model system'' of H-terminated diamond surfaces with a sputtered Al layer is substantially lower compared to O-terminated diamond surface. Furthermore, XPS spectra showed that the proportion of C-O bond drastically increases upon Ar/O plasma treatment as well as acid treatment. Both treatments seemed to be linked positively to a C-O surface termination, though it could also be due to the absence of surface hydrogen since pure Ar plasma treatments led to similar values. Furthermore, Qi and Hector [26, 27] and Wang et al. [28] bonding strength between Cu/diamond and Al/diamond, respectively, by first-principle calculations. They found that there is a significant decrease in calculated work of separation values upon introducing H-termination at the clean diamond surface. Electronic structure analysis showed strong covalent bonding between Al and C, but no bonds exist between Al and the H-passivated diamond surface, thus responsible for weak interfacial strength. interfacial carbides on diamond faces in the study of Monje et al. [18] . This might be attributed to the 50 K higher infiltration temperature in our investigations, or may be due to additional processing parameters, that cannot be exactly defined now. Moreover, an increase in contact time to 10 min results in significantly larger Al 4 C 3 crystals. The interfacial Al 4 C 3 microstructure in Al0.5Si/diamond MMCs is quite similar to pure Al/diamond. For Al1Si/diamond MMCs this microstructure is obviously different to pure Al/diamond already at a contact time of 1 min, as the Al 4 C 3 crystals present at the (111) face appear to be larger and more regular in shape. However, the diamonds surface appears to be less covered by the Al 4 C 3 phase. Also, the (100) diamond face seems to feature less amounts of Al 4 C 3 compared to the one of pure Al/diamond and exhibit very tiny crystals that might be Si or SiC. Upon increasing the contact time to 10 min the interfacial carbides grow again in size and tend to fully cover both crystallographic diamond faces.
Materials microstructure
By comparing the microstructures of Al-and Al1Si-based MMCs produced with a contact time of 10 min it is evident, that the growth of the Al 4 C 3 crystals is reduced upon the addition of Si. In particular, the Al 4 C 3 crystals on the (111) diamond surface are much smaller. This observation is also fortified by the GC-MS measurements, as decreasing Al 4 C 3 amounts were detected for Al1Si/diamond. Hence it may be concluded, that a uniform coverage of the diamond surface by Al 4 C 3 may be desirable, as the thermal conductivity increased by increasing the contact time to 5 min. The limitation of the Al 4 C 3 growth by the addition of Si aids towards thermal conductivities that are rather unaffected by the chosen contact times. The microstructures of the Al3Si-based MMCs, however, show a significantly different appearance than the ones observed before, as now spicular, Sienriched crystals appear on both crystallographic diamond orientations. Moreover, the (100) diamond surface appears to be more covered by those crystals than the (111) faces. According to Eqs. (4)-(6) these phases can be either Si (moreover, Si crystals may also be present due to the eutectic reaction between Al and Si upon solidification), SiC and Al 4 SiC 4 , respectively. In fact, the spicular phases visible in Fig. 7 could not be clearly identified and assigned to an accurate compound by XRD, as their amounts are too small for correct identification. Anyhow, it sometimes appears that these Si containing crystals grow on top or in between the Al 4 C 3 layer.
By comparing the microstructures of Al3Si-based MMCs produced with 1 and 10 min contact time, it can be seen that the Al 4 C 3 crystals again grow in size (and perhaps also in thickness) when contact time increases. Once again, this statement is confirmed by quantitative analysis, as the Al 4 C 3 concentration increases with contact time (Fig. 3a) , but with a much smaller slope upon the further addition of Si to Al (Fig. 3b) . These Si-enriched crystals now also aid towards an explanation of the thermal conductivities of the Al3Si-based MMCs: since these phases act as an additional barrier in the thermal transport across the diamond/Al 4 C 3 /metal interface, in addition to a reduction in intrinsic matrix conductivity (Table 1) . Additionally, the thermal conductivities of the Al3Si-based MMCs appear to be influenced again by contact time, which seemingly can be explained by the increase in Al 4 C 3 concentration with increasing contact time.
When comparing oxygenated and hydrogenated diamond surfaces with as-received ones it is evident that H-termination obviously results in delaminated Al 4 C 3 layer due to weak bonds between the interlayers and the (111) diamond faces in Al0.5Si/diamond and Al1Si/diamond composites. The presence of high concentration of Si in Al3Si/diamond may force bonding even for H-terminated surfaces, thus, delamination is suppressed. Interestingly, any difference between oxygenated and as-received diamond surfaces appears to be negligible, size and thickness of interlayers are comparable.
Residual diamonds from the GC-MS investigations can be also used to study reactivity between Al matrix and diamonds, as shown in Fig. 8 . For Al3Si/diamond MMCs, interestingly, the (111) diamond faces show very small dimples originating from the dissolution of carbon (diamond) by the reaction with liquid Al, whereas the (100) faces show a rather smooth surface topography with no dimples but sort of a replica of the previously large and blocky, plate-like Al 4 C 3 crystals at those faces. There is obviously no difference in dimples visible between specimens of different contact times and surface terminations.
Three samples were selected to be prepared by laser cutting: two Al-based ones with contact times of 1 and 10 min and one Al3Si/diamond with a contact time of 10 min (all with as-received diamonds). 
(a) (b)
Rotating disc MMC Plasma ignited by the laserpulse Figure 9 Monitoring cutting process of Al/diamond MMC by fs laser (a) and cross section after finishing cutting (b).
Figure 9a displays the experimental arrangement of laser cutting process while processing, and Fig. 9b gives the cross section after the laser cutting process, indicating a smooth surface.
The respective BSE-images of the cross sections are shown in Fig. 10 . Note, that the parallel lines visible in each of the images are residual artefacts (LIPSS, i.e. laser-induced periodic surface structures) from the laser cutting procedure. Although subsequent ion polishing drastically reduces LIPSS, they cannot be fully avoided.
An interfacial compound with intermediate grey scale can be identified at each metal-diamond interface and which is most probably Al 4 C 3 . The Al 4 C 3 compound does not grow layer like, but rather as large individual crystals, as already supposed by the images of the electrochemically prepared samples in Fig. 7 . It can be seen that upon an increase in contact time from 1 to 10 min a significant increase in layer thickness takes place. An average layer thickness of the Al 4 C 3 interfacial compound was determined from image analysis, as shown in Table 2 .
The interfacial layer thickness increases from 0.3-2.2 lm at 1 min contact time to 4.4-9.1 lm at 10 min. Furthermore, a clear delamination of the Al 4 C 3 ''layer'' can be seen, as significant amounts of voids are visible and highlighted by arrows in Fig. 10b . Upon the addition of 3 wt.-pct. Si to Al the formation of Al 4 C 3 appears to be strongly hampered, as the cut cross section is similar to the pure Al-based MMC with 1 min contact time. This average thickness of the interfacial carbide layer was determined to be between 0.4 and 2.5 lm. Therefore, the statement made above, that Si limits the interfacial Al 4 C 3 growth (in thickness) is confirmed.
In order to complete the picture how Si in Al limits the Al 4 C 3 growth, EDX-mapping and line scans (not displayed) were performed at the metal/diamond interface of a laser-cut cross section in an Al3Si/diamond specimen (Fig. 11) . Interestingly, Si accumulates near this interface in the small-scaled Al 4 C 3 crystals, whereas in the larger Al 4 C 3 crystal no or very minor amounts of Si are detected (Fig. 11) . Hence, such interfacial Si accumulations imply that most probably a phase like Al 4 SiC 4 (Eq. 6) or even Si and SiC (Eqs. 4, 5) in closely spaced areas with Al 4 C 3 are formed that govern the kinetics of interfacial Al 4 C 3 growth in Al3Si/diamond. However, the formation of such compounds remains to be clarified. Detection of very small amounts of oxygen can be attributed to the oxidation of the sensitive interfacial carbides, rather than the presence of Al 2 O 3 layers, that will also influence interfacial thermal transport [25] .
In quantitative spot and line analysis, the amounts of Si detected ranged from 0.88 wt.-pct. (close to the matrix) to 7.49 wt.-pct. (within the interfacial carbides). Therefore, Si concentrations that are almost 9 times higher than the Si in the matrix are quantified inside the interfacial layers. However, it is still possible that a very small SiC film (perhaps in the order of few nanometres) forms at the interface, also limiting the growth of Al 4 C 3 , since the detection limit of the SEM is comparably bad and co-quantification of carbon (from diamond) occurs. Ruch et al. [6] also noticed Si at the diamond/matrix interface after processing, but no formation of SiC in Al7Si/diamond MMCs, although thermodynamically feasible. They also argued that the solubility of carbon in liquid aluminium is limited by addition of Si and which leads to reduced capability to form Al 4 C 3 at given temperatures and processing times by reducing the contact cross section between aluminium and Figure 11 Elemental mapping of the laser-cut cross section area of Al3Si-based MMC with as-received diamonds at contact time of 10 min, element overlay images of Si K (magenta), C K (brown) and Al K (grey).
diamond [29] . Beffort et al. [30] investigated the Al7Si/diamond system processed by gas pressure assisted infiltration and observed a 50-200-nm-thick amorphous interface layer. Accompanying line scans revealed C, Al, O and a very small signal of Si, close to the diamond surface. The authors further concluded that this amorphous layer is most probably catalyzed by the contact with the Al(Si) melt. Element partitioning within the amorphous interface layer appeared to be responsible for enhanced interfacial bonding between the diamond and the matrix, as they furthermore found imprints of the eutectic skeleton of Si on the surface of the torn-out diamond surfaces. This presence of Si skeleton also may be responsible for the absence of carbide formation. This, however, will not fully explain the observed enrichment of Si in the interfacial carbide region in the present work. Including our findings we may argue for the existence of Al-Si-C phases at the interface like Al 4 SiC 4 that have an impeded smaller rate of growth compared to Al 4 C 3 in pure Al/diamond, with the later having an unimpeded growth of interfacial carbides.
Conclusion
In this study, we investigated chemical analysis and thermal properties of Al(Si)/diamond composites and the influence of processing conditions, nominal matrix composition and surface termination of diamonds on interfacial carbide formation, and it has been shown that:
• Both contact time and Si concentration in the Al matrix have a major impact on the thermal conductivity behaviour of the corresponding MMCs. For a pure Al and Al0.5Si matrices, the thermal conductivities of the respective MMCs decrease almost linearly with increasing contact time. The same behaviour, although to a lessened amount, are found for the MMCs based on Al3Si.
The MMCs with an Al1Si matrix, however, showed virtually no influence of the contact time on the thermal conductivities observed.
• This behaviour could be explained by the steady growth of interfacial Al 4 C 3 , as observed in the GC-MS measurements, as the addition of Si to the Al matrix limits the formation of Al 4 C 3 . In addition, the microstructures, prepared by electrochemical etching of the MMCs showed increasing size of Al 4 C 3 crystals with increasing contact time. Again, the addition of Si appears to limit this growth. The microstructure of the Al3Si-based MMC featured additional Si-enriched components on top of or in confined areas with Al 4 C 3 crystals, which may be a part of eutectic Si phase or Al-Si-C phase and which are believed to decrease the thermal conductivities of the corresponding MMCs.
• Considering quantitative results for Al 4 C 3 together with the thermophysical behaviour described in ''Thermal conductivity and interface thermal conductance'' section, Al1Si/diamond appears to be an interesting matrix composition, as both ITC and Al 4 C 3 appear to be quite independent of processing conditions. In a first approach, this might be attributed to an optimum balanced proportion between ''precipitated'' Si phase of high intrinsic thermal conductivity (respectively, a minor amount of dissolved Si in the a-Al lattice), that may facilitate strong bonding between the diamond particles and the Al matrix and the suppression of excessive formation of Al 4 C 3 .
• Surface termination positively affects composite thermal conductivity as oxygenated diamond surfaces will result in an increase in j c . Interestingly, surface termination plays a minor role in the formation of Al 4 C 3 at low Si in Al and contact times of 1 min. At 5 and 10 min contact time, the H-termination results in a decline of Al 4 C 3 formation for all investigated matrix compositions. Composites using as-received diamond and O-terminated ones show a higher concentration in interfacial carbides, independently of the nominal matrix composition. It is most likely that the concentration of Al 4 C 3 has no direct impact on the composite thermal conductivity at contact times of 5 and 10 min. We furthermore conclude that termination of diamonds surfaces strongly affects the bonding strength between diamonds and the matrix, thus enhancing the thermal transport irrespective of interfacial carbide growth.
• Microstructural investigations show that hydrogenated diamond surfaces obviously result in delaminated Al 4 C 3 layer due to weak bonds between the interlayers and the (111) diamond faces in Al0.5Si/diamond and Al1Si/diamond composites. The presence of high concentration of Si in Al3Si/diamond may force bonding even for H-terminated surfaces, thus, delamination is suppressed. Interestingly, any microstructural difference between oxygenated and as-received diamond surfaces appears to be negligible, size and thickness of interlayers are comparable.
• The interface between matrix and diamonds was successfully prepared by laser cutting, thus enabling the study of growth and size of the carbides with process parameters. Furthermore, EDX-mapping clearly showed that Si-present in Al3Si matrix alloys-is accumulated in the interfacial layer. We conclude that Si-rich phases are responsible for limiting the size of the interlayer.
